This review details the current understanding of gastric specification during development and adult homeostasis.
T he adult stomach produces acid and enzymes that aid in food digestion and kill microbes, and it regulates delivery of food to the small intestine. The stomach also works remotely via its endocrine cells, which send distal signals to help coordinate hunger/satiety and Ca þþ homeostasis. 1 The stomach comprises tissues originating from all 3 embryonic germ layers including the ectodermally derived enteric nerves, mesodermally derived smooth muscle and mesenchymal cells, and the endodermally derived epithelium lining the lumen of the stomach. In this review, we largely focus on the processes governing epithelial development and homeostasis. The glandular epithelium in most mammals is arranged into 2 principal compartments: corpus and antrum ( Figure 1 ). Both compartments are composed of a single layer of epithelial cells arranged into invaginated units. The principal cellular constituents of corpus units include the surface mucous (pit/foveolar) cells, acid-secreting parietal cells, mucous neck cells, digestive-enzyme secreting (zymogenic) chief cells, endocrine cells, and isthmal cells with undifferentiated features that likely serve as multipotent stem cells. The antral units can contain some chief and parietal cells depending on the species, but primarily are composed of pit/foveolar cells on the surface and deep glandular cells that express markers of both mucous neck cells and chief cells (Figure 1 ). Scattered throughout the corpus and antrum are the rarer endocrine cells, each type named for the predominant hormone they secrete (eg, gastrin-secreting G cells of the antrum).
Understanding cellular development in the normal stomach should help us better understand the origins of gastric cancer, one of the most common causes of cancer death worldwide. 2 Most gastric cancer is initiated in the setting of chronic infection with the bacterium Helicobacter pylori, which is estimated to infect more than half the world's population. 3 In addition to increasing the risk for gastric cancer, it is also the cause of most ulcers of the stomach and duodenum. Those patients at risk for gastric cancer show a response to infection with H pylori characterized by an overall loss of specific differentiated cell lineages, a condition known pathologically as chronic atrophic gastritis. Molecular and cellular mechanistic studies have shown that chronic atrophic gastritis is not characterized simply by a chronic inflammatory infiltrate (gastritis) and the loss of acid-secreting parietal cells (oxyntic atrophy), but also by changes in differentiation of the chief cells (metaplasia). [4] [5] [6] A thorough understanding of the processes that control the specification of cells within the gastric epithelium during development and adult homeostasis could be crucial to deciphering the disease etiology, particularly the metaplastic changes that arise after H pylori infection. However, currently in the stomach, in both the adult and embryonic state, there is a rudimentary understanding of the cell lineage relationships. Furthermore, there is also a marked lack of lineage-specific markers and genetic tools for studying development and differentiation. In this review, we highlight the relatively limited information we have about stomach specification, starting with the embryo and continuing through adulthood.
One caveat is that most of the work on mammalian gastric development has been in rodents. Much work also has been performed in nonmammalian model organisms such as in chicks. The degree to which human gastric development follows the same rules as rodents-let alone nonmammalian vertebrates-is not known in most cases. Because of our relatively close ancestry, it is likely that most developmental patterns will be similar between human beings and these model organisms. However, there are some known differences. For example, the human stomach is lined entirely by glandular units while the rodent stomach contains an additional anatomic compartment known as the forestomach, which is not glandular at all, but rather is lined with squamous epithelium (Figure 1 ). In the human stomach, up to half of antral units harbor parietal cells, whereas they are absent from antral units in the rodent. 7 In addition, chief cells in the rodent express gastric intrinsic factor, whereas intrinsic factor is expressed by parietal cells in human beings. 8 
Early Specification
Gastric specification in the mouse begins during gastrulation with derivation of the endodermal germ layer that eventually will seed the epithelial lining of the digestive, respiratory, and urogenital systems. The endoderm germ layer is formed by the ingression of epiblast cells through the primitive streak. As the cells exit the primitive streak, they arrange into a single-layered epithelial sheet on the outside of the embryo (embryonic day [E]6-E7.5). This sheet forms pockets at the anterior (future foregut) and posterior (future hindgut) end of the embryo and progressively zippers into a complete gut tube. Zippering of the gut tube, mesodermal growth, and embryonic turning transform the endodermal sheet on the outside of the embryo into an internal tube consisting of 3 major regions: foregut, midgut, and hindgut (E7.5-E9). 9 Regional and subsequent organ identity is assembled within the naive, as yet unspecified, gut tube through the integration of signaling inputs from mesodermal tissues located apposed to the endoderm and the endodermal progenitors themselves. 10 One recognizable output of the stage when regional identity is acquired is a pattern of expression of overlapping transcription factor domains that facilitate subsequent organ-specific differentiation programs.
Stomach epithelial progenitors derive from the foregut region of the endoderm, which also gives rise to liver, pancreas, lungs, and the luminal gastrointestinal organs from the pharynx to the anterior duodenum. Signaling pathways and transcription factors that drive specification of pregastric endodermal progenitors from other emerging organs within the foregut have not been well characterized. 11 However, a number of signaling pathways that promote or restrict foregut identity by patterning the anterior/ posterior axis of the endoderm are known. Retinoic acid (RA), for example, has a complex spatiotemporal role patterning the anterior-posterior axis of the endoderm. During late gastrulation, RA signaling promotes the specification of posterior endodermal fates over anterior endodermal fates, particularly at the foregut-midgut boundary. 12, 13 Subsequently, RA signaling is required to promote the development of a number of foregut tissues. Animals with defective RA signaling have abnormal stomach development, but a specific consequence to gastric specification is unclear.
14 WNT and fibroblast growth factor (FGF) signals produced by the mesoderm promote expression of posterior endodermal markers such as Cdx2 over anterior endodermal markers. [15] [16] [17] Studies in zebrafish also have shown that bone morphogenetic protein (BMP) signaling drives posterior over anterior endodermal fates. 18 Through the study of other endodermal organs, a number of tissues have been shown to produce important signaling molecules to promote foregut organ specification. For example, the dorsal aorta and notochord produce several key signaling molecules involved in dorsal pancreatic specification. 19, 20 These same tissues also could impact pregastric gene expression given the proximity of gastric and dorsal pancreatic progenitors. Ventral tissues, including cardiac mesoderm, also could impact gastric specification from other ventral organs such as the liver and lung. 21 Other signaling pathways such as sonic hedgehog (Shh) have been implicated in gastric growth through epithelial to mesenchyme signaling, although Shh does not appear to be involved in gastric specification. 22 During endodermal specification, a highly conserved core transcription network (including FoxA, Gata, Sox17, and Mixl1 transcription factors) is activated and guides the growth and survival of endodermal cells before regionalization. 23 Expression of these transcription factors in early endoderm is necessary to generate foregut progenitors that give rise to the stomach. As the endoderm regionalizes, a number of transcription factors are expressed either throughout the foregut endoderm or regionally in the pregastric domain. Broadly expressed transcription factors such as Foxa1/2/3, Gata4/6, Hnf1b, and Sox2 all could play an important role in gastric specification (Figure 2 ). For example, the FoxA family is expressed throughout the early endoderm and is important in the development of a number of organs including the liver, pancreas, and intestine. [24] [25] [26] The specific role of this family in the stomach has yet to be determined, however, FoxAs are known to be involved in promoting Pdx1 expression in the foregut (Figure 2 ). Because Pdx1 is expressed only in the gastric antrum and not the more proximal corpus, 27 FoxA factors thus could be involved in regionalizing the stomach.
25
Gata4 and Gata6 are involved in the specification of the extraembryonic endoderm [28] [29] [30] and are expressed throughout the early definitive endoderm. During endodermal regionalization, both genes are expressed in the foregut. The expression domain of Gata4 is particularly interesting because its anterior boundary resides at the future forestomach/glandular stomach boundary. Potentially, Gata4 may have an important role in specifying the glandular stomach or specifying the forestomach vs the glandular stomach (Figure 2) . Consistent with the idea that Gata4 is important for glandular stomach specification, Gata4 null cells do not appear to be able to adopt gastric identity in chimeric embryos when they are competing with wild-type cells.
31
Sox2 is expressed broadly throughout the foregut from the most anterior pharyngeal endoderm to the future boundary of gastric antrum and duodenum. Studies wherein expression of Sox2 is reduced in developing endoderm have shown that it helps govern the development of a number of foregut organs including the stomach, esophagus, trachea, and lung. 32, 33 Such experiments involved hypomorphic animals, so it will be interesting to know what the effects of complete loss of SOX2 from early endoderm might be. Perhaps SOX2 has an even more critical role in anterior foregut and stomach specification than currently thought. The border between Sox2 and Cdx2 expression during development ( Figure 2 ) resides at the prospective gastrointestinal junction and suggests that Sox2 could define this boundary. Misexpressing Sox2 in Cdx2-positive progenitors in the developing intestine increases expression of gastricspecific differentiation markers. 34 Interestingly, loss of Cdx2 during early development causes a dramatic transformation of the prospective intestine into Sox2-expressing esophageal-like progenitors and not gastric progenitors, 35 indicating that SOX2 is not a simple progastric, antiintestine transcription factor. Indeed, SOX2 levels are high in both adult esophagus and adult stomach.
36
Pdx1 is expressed regionally within the posterior foregut in the areas that give rise to the posterior stomach (antrum/ pylorus), anterior duodenum, dorsal and ventral pancreatic buds, and proximal extrahepatic biliary system. 27, 37 Pdx1 expression can be used during development to distinguish antral gastric progenitors (SOX2
. Loss of Pdx1 causes aberrant antral stomach progenitors including pyloric defects 27 and loss of gastrin-producing endocrine cells. 38 Hnf1b is expressed in the early endoderm and implicated in stomach specification. Definitive endodermspecific knockout of Hnf1b alters gene expression within caudal stomach progenitors, including causing loss of Pdx1 and Indian hedgehog (Ihh). 39 The impact on gastric specification in these knockouts remains unclear, but recent in vitro studies intriguingly have implicated Hnf1b in promoting antral stomach specification in organoid culture. 40 To date, no specific gene has been shown to have expression restricted only to early gastric progenitors; thus, it remains difficult to examine directly how the stomach is specified from other organs, the way, for example, Cdx1 and Cdx2 have been studied in intestinal specification. Instead, investigators rely on more broadly expressed genes (ie, expressed concomitantly in other organs besides the stomach) such as Sox2, Gata4, and Pdx1 to identify the factors defining the prospective gastric regions. Further identification of transcripts that may have more restricted or specific expression to gastric progenitors (particularly to the glandular stomach) during early development could lead to the generation of new genetic tools to explore and characterize gastric specification or even to perform stomach-specific epithelial cell gene deletion because intestinal epithelialspecific deletion can be driven by Villin-Cre. However, Color codes correspond to specific transcription factor signatures in panel C. The future forestomach and esophagus (green) expresses Sox2, but not other glandular markers such as Gata4 and Pdx1. The future corpus (blue) expresses Sox2 and Gata4, but not the more posterior regional markers such as Pdx1. The future antrum (red) expresses Sox2, Gata4, and Pdx1, but not the intestinal marker Cdx2. The future anterior small intestine expresses Cdx2, Gata4, and Pdx1, but not the anterior endodermal marker Sox2. The anterior boundary of Gata4 (blue/green border) is expressed in the glandular stomach but not the forestomach (green). (D) Speculative model of glandular stomach specification during development. Based on developmental studies, early foregut progenitors express the important transcription factors of the FoxA family, Sox17, and Gata4/6. Around this time, an appropriate balance of WNT, FGF, and RA signaling is needed to specify the region of the gut that gives rise to gastric progenitors. These pathways actively posteriorize the endoderm-too little or too much signaling could drive the endoderm to a more anterior or posterior fate, respectively. Future gastric progenitors need to acquire Sox2 expression and not the intestine determinant Cdx2, which is expressed in more posterior endoderm. Once organ budding begins, local mesenchymal signals are crucial to enforce glandular identity and repress adjacent nonglandular stomach organ fates such as the esophagus/ forestomach and intestine. Potentially, these signals act through driving expression of potential gastric specification transcription factors such as Gata4 and Hnf1b.
there could be marked improvement in our understanding of stomach specification simply by manipulating gene expression in early endoderm with tools that already exist. For example, signaling pathways and transcription factors suspected of being involved in gastric development could be deleted via crosses to well-characterized mouse pedigrees that express Foxa3-, Sox17-, or Shh-Cre. [41] [42] [43] Summing up all that currently is known and can be inferred from published studies, we have proposed one possible signaling and epistasis model for specification of glandular stomach (Figure 2 ).
Mesoderm
Regionalization throughout the luminal gastrointestinal tract depends in large part on epithelial-mesenchymal cross-talk, and the stomach does not seem to be an exception. For example, foundational experiments in chicks have shown that placing proventricular (stomach region in chicks similar to the mammalian glandular stomach) mesenchyme with gizzard (anterior chicken stomach) or esophageal endoderm induces proventricular gene expression and causes gland development in these normally nonglandular tissues. 44, 45 Similarly, gizzard or esophageal mesenchyme can suppress proventricular gene expression and gland development in proventricular endoderm and promote squamous fates. 46 Interestingly, proventricular mesenchyme could not induce proventricular gene expression in intestinal endoderm 47 ; hence, overlying mesoderm can instruct endoderm identity but only within restricted regions. BMP factors have been implicated in promoting proventricular identity. 48 Although BMP signaling, principally deriving from the mesenchyme, influences gastric epithelial development, Hedgehog signaling derived from the epithelium influences the mesenchyme. For example, in addition to their early role in foregut growth, Hedgehog (Shh/Ihh) signals are produced by the gastric endoderm to support mesenchymal growth and differentiation, a pattern that is maintained in the adult. 49, 50 Another example of a factor that originates from the mesenchyme and regulates the epithelium is FGF10, likely via the FGF receptor 2B.
51 FGF10 promotes epithelial proliferation and gland development. 51, 52 Although it may not be required for adult homeostasis, it has been shown to inhibit parietal and chief cell differentiation in favor of the mucous neck cell type. 53 In addition to the themes of epithelial Hedgehog and mesenchymal BMP signaling that occur throughout the gastrointestinal tract, there have been some descriptions of signals more specific to gastric development vs other regions. For example, Barx1 is a transcription factor that is restricted to the prospective esophageal and gastric mesoderm. Barx1 null mice have significantly altered stomach morphology with disrupted patterning of the stomach. The stomach-intestinal boundary is disturbed such that ectopic CDX2þ intestinal epithelial cells can be found in the posterior stomach. 54, 55 In addition to the disrupted interorgan patterning, the division of intrastomach domains is altered.
þ -adenosine triphosphatase-expressing cells are seen intermingled with PDX1þ cells, which in mice are normally exclusive to the corpus and antrum, respectively. Bapx1 (Nkx3-2), Nkx2-5, Gata3, Six2, Nr2f2 (Chicken Ovalbumine Upstream Promoter-Transcription Factor II), and Sox9 are other known transcription factors expressed in the posterior stomach mesenchyme and involved in specifying the pylorus. [56] [57] [58] In the absence of those transcription factors, there is aberrant neuromuscular regulation of the pyloric sphincter, which in human beings can manifest as the relatively common condition known as pyloric stenosis.
58,59
Cell Lineage Specification
Between the stage of endodermal specification and the stage of specific cell lineage commitment in the stomach, the gastric epithelium remains a simple epithelium with no obvious differentiation. At approximately E14.5-E16.5, markers representative of cell types such as endocrine, parietal, and chief cells begin to be expressed, and small glands begin to invaginate into the mesenchyme from the simple epithelium lining the lumen. 52 Between E16.5 and 2 weeks of postnatal development, most of the major cell types arise within the stomach, and the glandular stomach mostly becomes organized into its adult form. However, the murine stomach does not reach adult organization with full chief cell and endocrine cell lineage specification until 6-8 weeks postnatally. 60 For most cell lineages in the stomach we have a poor understanding of pathways and factors involved in their specification and the progenitors from which they directly derive. For example, and this is truly remarkable when contrasted to the state of our understanding in the intestines, there is no specific factor that is known to be necessary or sufficient for specification of chief, parietal, pit, mucous neck, or isthmal cells. The markers used in gastric biology represent the terminal differentiation of those cells (eg, Atp4b, Tff1, Pgc, and Gif). The lack of this basic specification knowledge greatly hinders deciphering the molecular mechanisms underlying how gastric disease causes the loss or increase of any particular cell lineage. The developmental sequence between gastric epithelial progenitors in an adult gastric unit and the differentiated progeny that arise continuously throughout life also is unknown. It is entirely possible that all the mature cell types are specified from a single multipotent progenitor that persists throughout life, 61 or, in turn, there might be numerous long-lived lineage-restricted progenitors 62, 63 ( Figures 3 and 4 , and see detailed discussion later).
The only stomach lineages with known genetic determinants and known progenitor markers are endocrine cells, which are controlled by the master regulators Ascl1 64 and Ngn3. 65, 66 Ngn3 marks endocrine progenitor cells but not mature forms. Ngn3 null embryos lack gastrin, somatostatin, and glucagon endocrine cell types, with largely reduced census of serotonin-positive cells, but enterochromaffin-like (ECL) and ghrelin populations still are present. 65, 66 Ascl1 null embryos wholly lack gastrin, somatostatin, and glucagon-secreting endocrine cell types (the former 2 missing from their usual niches in the stomach), and gastric serotonin and ghrelin endocrine cells are decreased in number. Ascl1 null embryos die before ECL cells emerge developmentally 64 ; however, it was noted that the vast majority of chromogranin A-positive cells (chromogranin A is a general marker of endocrine cells) are missing in Ascl1 null embryos, and ECL cells represent the majority of chromogranin-positive cells in the corpus. Thus, if Ascl1 is required for all chromogranin A-positive cells to emerge, a conditional deletion in the adult also might show that ECL cells are Ascl1-dependent, although this only can be speculated with current data.
Taken together, the data show that Ascl1 and Ngn3 are each required to specify gastrin, somatostatin, and glucagon-positive endocrine cells. The eventual emergence Figure 3 . Putative lineage tree of the adult corpus stem cell. Based on the labeling and ultrastructural studies of Karam and Leblond, the isthmus contains a granule-free stem cell that enters the cell cycle to give rise to progenitors that migrate up and down the corpus unit. 61 Cells that migrate up the unit adopt a prepit phenotype (light purple) and eventually turn into mature pit cells (purple). Cells that migrate down the unit appear to adopt a preneck (light green), preparietal (light blue), or pre-endocrine/endocrine phenotype (grey). Neck cells (green) appear to undergo a further transition at the bottom of the unit and eventually become transitional cells with both neck and chief cell characteristics, and finally fully mature chief cells. It is clear that the granule-free cell is long-lived and selfrenewing, but each of the progenitors committed to more specific lineage(s) also might be long-lived and self-renewing as well.
of ECL cells may be dependent on Ascl1 but not Ngn3. Serotonin-positive endocrine cells in the antrum also largely are lost in Ascl1 and Ngn3 mutants. A recent study showed that serotonin-positive cells in the corpus are bone marrow-derived, mucosal-associated mast cells and not descendants from endodermal progenitors, an Ngn3 lineage, or epithelial cells at all. 67 If corpus serotonin-positive cells are not derived from the endoderm, those cells likely Karam and Leblond to understand how stem cells behave in the stomach would not be able to distinguish between the 2 possibilities (ie, a long-lived multipotent stem cell vs long-lived committed progenitors). Lineage tracing experiments with an appropriate promoter (eg, similar to Lgr5 in the intestine) should be able to distinguish how stem cell hierarchies are arranged. Examples of different lineage tracing patterns with hypothetical, appropriate promoters are shown. If a promoter that is pit-cell lineage-specific could be induced and traced, then the Karam and Leblond model (all cells rapidly arise from a long-lived, self-renewing, multipotent stem cell) would result in temporary labeling of the pit lineage with eventual loss of the label because the stem cell would not be labeled, and pit cell progenitors are not long-lived. However, if long-lived lineage-restricted progenitors exist (contrary to Karam and Leblond), then labeling the prepit cell will result in maintenance of the label throughout the pit cell lineage because the prepit cells will self-renew and not die, and they will continue to label all their progeny. Similar predictions would hold to other cell lineages in the corpus.
account for the presence of nonantral serotonin-positive cells in Ascl1 mutants mentioned earlier. It is unclear how specific mature endocrine cell types arise from endocrinecommitted progenitors during embryogenesis and adult homeostasis; however, endocrine specification in the pancreas and intestine may serve as an illustrative model. 68, 69 Endocrine-committed progenitors derived from Ascl1-or Ngn3-positive populations differentiate into individual endocrine cell types depending on the specific downstream transcription program that is enacted. There is indication that similar programs exist in the stomach because mice null for various transcription factors have defects in specific endocrine lineages. For example, Pdx1, Nkx6.3, Pax4/6, and Arx all have been implicated in controlling differentiation of mature endocrine cell types in the stomach. 38, [70] [71] [72] Although it is mostly not clear what controls the specification of nonendocrine cell lineages within the stomach, some factors have been implicated in maturation of those cell types. The transcription factor Spdef has been shown to be crucial for antral deep mucous cell maturation. 73 Foxq1 is necessary for the expression of Muc5ac in pit cells (MUC5AC is the key mucin protein secreted by these cells). 74 Xbp1 and Mist1 (Bhlha15) are important for the ultrastructural maturation of chief cells. 75, 76 Specifically, they coordinate the architectural changes necessary for these cells to become regulated secretory factories. In their absence, chief cells fail to generate a dense rough endoplasmic reticulum network and do not make large zymogen-containing vesicles. Mucous neck cells, the progenitors for chief cells, emerge in rodents around the time of weaning in a process that depends in part on transforming growth factor a and the epidermal growth factor receptor, 77, 78 although whether these play a role in maturation or specification is not known.
Adult Homeostasis

Stem Cells
The isthmus of the corpus epithelium contains a continuously proliferating cell population that lacks any differentiated nuclear and cytoplasmic features (eg, secretory granules or specialized organelles). Nucleotide analog labeling studies (eg, 3 H-thymidine or bromodeoxyuridine) show that labeled nucleotides are incorporated most frequently in isthmal cells with those morphologically immature characteristics, and this cell lineage has been termed the granule-free stem cell. 61 Pulse-chase experiments with such analogs show that the labeled nucleotides spread bidirectionally from the isthmus. Karam and Leblond hypothesized that the granule-free stem cell directly gave rise to progenitors that were immature versions of each of the mature corpus lineages. 61 Some of the earliest cells to incorporate label were cells characterized by ultrastructural features of immature pit cells (eg, scant but distinctive pit cell mucous granules 79 ). Label spread more slowly in the other direction (ie, toward the base and away from the gastric lumen). The cells that showed early incorporation of label in that direction commonly have early/immature mucous neck cell features. 80 At 1-2 weeks after injection of labeled nucleotides, label appears in the prezymogenic chief cells at the top of the base, those with features characteristic of both mucous neck cells and zymogenic cells. 76, 80 It appears eventually, also in parietal cells and endocrine cells, first in the isthmus area. 81, 82 In pulse-chase experiments wherein the nucleotides are given only once-as opposed to continuously-label typically is not retained for longer than a few days in either the immature (presumptive progenitor) cells or in the granulefree cells. Rather, label is retained long-term only in mature parietal, chief, and endocrine cells. The simplest interpretation of these observations is that the undifferentiated, granule-free isthmal cell is a constitutively active multipotent stem cell that can give rise to and replenish all the mature cell lineages (Figure 3) . However, this has not been proven formally.
Other than such studies, wherein lineage relationships are inferred from morphology and labeled nucleotide migration patterns, there is little else known about transitions from the stem cell to progenitors and lineagecommitted cells in the corpus. The limited state of understanding in the gastric corpus is in marked contrast to that in the small intestine, where numerous markers of cryptbased cells with stem cell potential have been identified over the past 10 years. [83] [84] [85] [86] [87] Strikingly, there is still neither a specific molecular marker nor a specific promoter whose expression is restricted to an undifferentiated isthmal cell in the corpus that has yet been identified.
Several studies using chimeric mice and mosaic silencing of an x-linked transgene in female mice suggest that stomach glands start off polyclonal but become monoclonal over time. 62, [88] [89] [90] These results thus support the single gastric unit stem cell hypothesis. However, Bjerknes and Cheng 62 found patterns of mutant clones that showed that, as mice age, there might be other progenitorprogeny relationships outside the dogma of the single, long-lived, multipotent stem cell proposed by Karam and Leblond. 61 In adult mice, Bjerknes and Cheng 62 saw units that seemingly had stable labeling restricted to specific single lineages, suggesting that there also might be long-lived, lineage-committed progenitor cells rather than the transient ones hypothesized by Karam and Leblond. 61 We have provided a cartoon to distinguish the 2 models (ie, a multipotent, undifferentiated stem cell giving rise to all lineages vs multiple long-lived, lineage-committed progenitors, each fueling only their specific lineage) (Figure 4) .
Genetic lineage tracing experiments that have been attempted in the stomach suffer from the caveat that the promoters used to drive lineage tracing also are expressed (usually much more strongly) in differentiated cells. For example, long-term lineage tracing in adult animals using the Sox2 promoter suggested that some Sox2-promoterexpressing cells have stem cell function with the capacity for self-renewal and differentiation into all lineages in the corpus. Rare, highly Sox2þ cells were suggested to be the most stem-like. Interestingly, those cells localized to the base of corpus units, not the isthmus.
91 SOX2 protein can be found in many cell lineages throughout the corpus at mid-to-low levels and even can be used as a marker in human beings of gastric differentiation relative to intestinal. 92, 93 Other lineage tracing studies have focused on marking mature chief cells using the Tumor necrosis factor receptor superfamily member 19 (Tnfrsf19 or Troy) or Muscle, intestine and stomach expression 1 (Mist1) promoters. 94 Long-term lineage tracing using those promoters suggested that chief cells also can act as stem cells and give rise to all the cell lineages within the corpus. MIST1 protein and RNA are almost exclusive to mature chief cells, and TROY is restricted to a handful of chief and parietal cells. These results indicate that differentiated chief cells have the potential to serve as stem cells in some situations, albeit such functional stem cell activity in chief cells seems relatively rare, at least during homeostasis. 95 Recent studies have indicated that rare cells labeled with a Mist1
CreER knock-in allele also can be found in the isthmus of the corpus. 96 These occasional, isthmuslocalized cells that express the Mist1 promoter could be another source of stemness in the corpus. However, the molecular/cellular identity of those cells is defined only by this spurious Mist1
CreER expression, given that neither the endogenous Mist1 transcript nor the MIST1 protein has been shown to be expressed outside of chief cells in wild-type mice.
Definitive lineage tracing studies in the stomach also have been hampered by a technical problem that does not affect other gastrointestinal organs to the same degree, such as small intestine and pancreas, where lineage tracing has been used to great effect. The vast majority of genetic lineage tracing tools use a modified Cre recombinase that requires binding tamoxifen to be transported to the nucleus where it can activate reporter genes or other genetic tools (Cre ER ). Unfortunately, for gastric researchers, tamoxifen induces parietal cell death and chief cell metaplasia when delivered above a threshold dose. [97] [98] [99] Thus, inducible lineage tracing using Cre ER with tamoxifen can be confounding in the stomach because it may induce nonhomeostatic patterns of differentiation with increased cellular plasticity. 95 The stomach is also particularly sensitive to high doses of Cre itself. 100 It would be ideal to develop more stomach-lineage-specific promoters and induce lineage tracing with methods such as tetracycline-inducible systems or estrogen receptor agonists that do not induce injury. Furthermore, any lineage tracing in the stomach should be performed with proper controls: mice homozygous for floxed alleles but lacking Cre recombinase expression and mice with Cre recombinase but with a nonfloxed allele of the gene of interest.
To highlight how our understanding of stem cell dynamics in the intestine is more advanced than in the corpus, we point out how Cre ER driven by the Lgr5 promoter is an efficient marker of functional stem cell activity in the intestine. Lgr5
CreER is expressed at higher levels in the presumptive stem cells in the small intestine than in differentiated progeny. Importantly, both the endogenous Lgr5 transcript and LGR5 protein also are expressed preferentially in the presumptive stem cell.
83 Lgr5 CreER can be used during homeostasis to trace labeled cells, and all cell lineages can be seen eventually to derive from Lgr5-promoter-expressing, crypt-resident (presumptive stem) cells with undifferentiated features. Lgr5 promoter-based studies corroborate other studies that, together, make it seem incontrovertible that there is a population of constitutively active, long-lived, multipotent stem cells in the small intestine.
Cellular Differentiation and Maturation in the Corpus Epithelium
Although the gastric epithelial stem cell in the adult corpus remains unidentified, there has been some beginning characterization of the patterns of molecular and cellular differentiation of the various mature cell lineages deriving from that stem cell. One strong line of evidence supports an interesting differentiation pattern wherein mucous neck cells give rise to chief cells, a differentiation step that has been termed a transdifferentiation to chief cells. 76, 78, 101 Evidence supporting the lineage relationship between neck and chief cells is circumstantial, but varied and relatively abundant. For one, there are situations in which neck and chief cell markers are co-expressed. During postnatal maturation, gastric units contain cells with characteristics of both neck and chief cells. 60 After maturation, units in the corpus harbor similar transitional cells with characteristics of both cell populations by ultrastructural and gene expression analysis. 76, 80, 101, 102 When the stomach is injured, metaplastic cells arising from the chief cell lineage express both neck and chief cell markers. 6, 95, 101 Furthermore, lineage tracing studies using the Tff2 promoter have suggested that parietal cells and mucous neck/chief cells are derived from a common progenitor pool. 103 Finally, slowing maturation of chief cells by deleting either Mist1 or Xbp1 leads to increased cells with neck-chief transitional characteristics. 75, 76, 101 The surface mucous (pit/foveolar) cells clearly arise rapidly from a progenitor in the isthmus. The nature of the progenitor has not been established but must be either a committed pit-specific, long-lived progenitor or the canonical multipotent stem cell (or both). Interestingly, we have observed that decreased proliferation in the isthmal progenitor zone tends to have effects on pit cells more than the deeper glandular cells, 104 indicating that much of the proliferation in the isthmus, at least under normal conditions, is directed toward surface mucous cell replenishment. As mentioned earlier, the transcription factor FOXQ1 is involved in pit cell differentiation because it is required for expression of the key component of the pit cell mucous granules (MUC5AC), although it is not required for specification of the lineage itself. 74 A number of signaling pathways have been shown to be active during stomach homeostasis and affect cell behavior. Notch signaling is active in the isthmus of the corpus and promotes proliferation within this region. 105 Ectopic Notch signaling driven by a parietal cell-lineage-specific promoter blocked differentiation and maintained progenitor characteristics in differentiating parietal cells. 105 Inhibition of the BMP signaling pathway promotes increased cell proliferation in the adult stomach: glands contained fewer parietal cells and more transitional cells (cells with both neck and zymogenic chief cell characteristics -similar to the metaplastic or transitional cells mentioned earlier) at the base of the unit, 106 indicating that BMP signals regulate progenitor proliferation and cell maturation in the corpus.
Gastrin is a hormone produced by G cells in the antrum. The primary physiological role of gastrin is to promote acid secretion by activating ECL and parietal cells. Absence of gastrin causes decreased cellular proliferation in the corpus and leads to generation of immature parietal and ECL cells, [107] [108] [109] [110] whereas overexpression of gastrin causes increased proliferation of those cell populations. 111 Parietal cell production of Shh is an important regulator of gastrin production. In the absence of this source of Shh, excess gastrin is produced by G cells, and pit cells in the corpus have increased proliferation. 112 
Antral Homeostasis
The antrum is considerably less complex then the corpus (in organization and number of cell types). The cell lineages also turn over faster. Continuously proliferating cells in the antrum are located at the isthmus of the unit. In the isthmus, Lee and Leblond 113 identified the most actively proliferating cells as also being the least differentiated ultrastructurally (like the granule-free presumptive stem cell in the isthmus of the corpus). In the antrum, the isthmus is much nearer the base than in the corpus, in a pattern more resembling the large intestine. In pulse-chase experiments, labeled DNA spreads both upward to the lumen and further down into the base from this isthmus zone 113 ( Figure 1 ). In contrast to the corpus, markers and gene promoters have been shown to efficiently label cells with multipotent progenitor capacity. For example, as in the small intestine, Lgr5 shows a pattern of homeostatic expression that is confined to a specific cell population that frequently and efficiently can be traced into progeny that include all the cell lineages in the antrum and cardia, but not the corpus. 114 Similarly, Cck2r-based lineage tracing labeled as þ4 (the designation of þ4 is borrowed from the intestine, wherein cells traditionally have been numbered from the most basal cell upward to the lumen) antral cells that also has stem cell potential and was shown to give rise to Lgr5þ antral cells. 115 In addition, Villin-and Sox2-promoter-based lineage tracing also label rare cells in antral glands that show functional stem cell characteristics. 91, 116 It is not yet clear what the relationship among all of these cell populations with stem cell capacity is yet. The
LGR5þ cells clearly are not the granule-free, isthmal antral cells 113 because they commonly are located at the very base of the antral unit, not the isthmus, and they show ultrastructural features of differentiation. 113, 114 The CCK2R and LGR5 populations seem to be overlapping, at least functionally, but are distinct from each other. Cells labeled by Villin are rare and activated only by inflammation. 116 Sox2, on the other hand, is expressed in many cells, therefore it likely is not specific to a defined stem cell. 91 It is possible that cells in the antrum are plastic, so that many cells can serve as stem cells even homeostatically. Antral glands also undergo relatively frequent fission events, in which one gland gives rise to another, 62, 89, 117 so perhaps some of the markers label cells that are not constitutive stem cells but that drive budding off of new glands. In sum, Sox2, Lgr5, and Villin are not principally expressed in the zone where the least differentiated, most proliferative cells are. That is in contrast to the intestine where the Lgr5-expressing (crypt-base-columnar) cells are the most proliferative and the least ultrastructurally differentiated cells. Perhaps, thus, a marker of isthmal, antral stem cells that is equivalent to LGR5 in the intestine has yet to be identified in the stomach.
In the antrum, Notch signaling regulates the behavior of Lgr5þ antral stem cells. Inhibition of Notch signaling promotes mucous and endocrine cell differentiation, whereas activating the pathway stops differentiation. 118 BMP signaling, through BMPR1A, regulates the proliferation and differentiation of mucous cells in the antrum. 100, 119 In the absence of BMPR1A, antral mucous cells hyperproliferate and fail to express the mucin MUC5AC. 119 Mutations in the BMP family are known to cause juvenile polyposis syndrome, which presents with polyps throughout the gastrointestinal tract, including the antrum. 120 Finally, given that LGR5 is expressed and may regulate stem cell activity in the antrum, there may be a role for WNT signaling in regulating antral homeostasis because LGR5 is a co-receptor for canonical WNT signals. 121 
Conclusions
Many facets of stomach specification remain understudied or unexplored. Although it is clear that tissue interactions between the gastric endoderm and mesoderm are important for gastric development, there is still scant knowledge about how naive endodermal progenitors become specified to the gastric progenitor state. There is equally poor understanding about the factors that control the specification of gastric lineages during development and adult homeostasis, other than some initial inroads into outlining the origins of endocrine lineages. Many more studies are needed to determine which cell types have stem cell properties in the adult stomach (in particular the corpus), and their relative contribution during homeostasis and disease/injury conditions. Such studies will depend on the development of promoter-based tools that, similar to the intestine, are specific for stem cells and not expressed in differentiated cells. Preferably, such tools would not depend on the possibly confounding agent tamoxifen. Other new potential tools to help sort out gastric specification are being developed. Recent reports have described the derivation of mouse and human gastric organoids derived either from adult stomach 94, [122] [123] [124] [125] [126] or via differentiation from induced pluripotent stem cells. 40 Potentially through the manipulation of these cells, the field might have a new approach to better understand the pathways and factors controlling stemness and specification of gastric lineages. The generation of such new tools to study these processes is an important first step to exploring the mechanisms that control gastric specification.
